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Abstract

Reproductive synchrony and the consequent clustering of births are hypothesized to be regulated
by seasonal changes in rainfall and food availability. Such climate-related seasonality is, however,
questionable in tropical populations occupying temporally invariant habitats year round. Using the
long-term data of the Cayo Santiago rhesus macaques from 1973 to 2013, this study distinguishes
synchrony (a greater than chance clustering of births) from seasonality (a cluster of births during
a period of the year when abiotic conditions are favorable) and shows that females are highly
synchronized (>72% of births in a 3-month period) but the effects of environmental zestgebers

on reproduction are overridden by biological factors. Specifically, biotic and abiotic factors
including (i) loss of immature offspring; (ii) population density; (iii) age at delivery; (iv) rainfall;
and (v) changes in colony management were modeled in relation to the annual onset of births

and the median birth date. Females experiencing loss of immature offspring had an interbirth
interval of <365 days in average and the proportion of these females increased up to 48% due

to changes in colony management overtime, although reproductive synchrony increased with
increasing population density. A secular trend in both the onset of births and the median date

of birth is documented and the model predicts that the median birth date will advance across all
calendar-based seasons by 2050. The secular trend in reproduction appears to be triggered by
changes in the age at delivery of females, the absence of physiological constraints from maternal
investment due to offspring loss, shorter interbirth interval, and a higher degree of coordination
due to increasing population density. This study challenges the reproductive phenology previously
described for rhesus macaques highlighting the importance of long-term studies in addressing the
ultimate causes of reproductive synchrony.
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INTRODUCTION

Reproductive phenology in mammals is regulated by changes in food availability,
temperature, rainfall, and photoperiod [Bronson, 1985]. When environmental conditions
vary in a dramatic and predictable way they can function as external cues timing the
reproduction of organisms in a population and leading to clustering of reproduction
(synchrony) [Ims, 1990a]. However, at lower tropical latitudes, annual variation in such
environmental factors might not be significant enough to function as a cue for reproduction
[Bronson, 2009]. For example, photo-responsiveness in long-lived mammals is thought to
be enforced by photoperiod down to approximately 30° latitude, below which it weakens
until disappearing completely at the equator [Bronson, 1989, 2009]. Yet, some tropical
mammalian populations inhabiting spatially and temporally homogeneous environments
exhibit reproductive synchronization that might be the result of biological interactions
(e.g., physiological, behavioral), rather than climatic cues alone (e.g., calendar-based
seasons) [Bronson, 1989; Ims, 1990a,b; Furtbauer et al., 2011]. Thus, the ultimate cause
of reproductive synchrony, whether an environmentally driven process, a biologically driven
process, or a combination of both is currently a matter of debate [Clarke et al., 2012].

Sociobiological cues have also been suggested to play a major role in reproductive
synchrony among mammals. Specifically, promiscuous populations with exaggerated sexual
swellings, clumped spatial distribution, communal feeding, and communal living are
expected to have some level of synchronized reproduction [Ims, 1990a; Nunn, 1999].
Females living in groups, and thus sharing the same space, would be exposed to the same
reproduction-triggering cue simultaneously. Among mammals, primates living in multimale
and multifemale social groups with strong kinship among females commonly exhibit such
characteristics [Bercovitch & Goy, 1990; Okayasu, 2001; Power et al., 2013]. For instance,
the nonseasonally breeding lion tailed macaque (Macaca silenus) exhibits reproductive
coordination and a nonrandom distribution of births through estrous synchrony, suggesting
socially driven estrous synchronization [Clarke et al., 1992]. For the rather highly seasonal
Japanese macaques (Macaca fuscata) from Yakushima, social disturbances such as troop
takeovers during the mating season have been described as the causal mechanism explaining
its synchrony [Okayasu, 2001]. Power et al. [2013] compared the female’s “choice”

of synchronization versus asynchronization in a population of seasonal nonprovisioned
langur monkeys (environmentally constrained) and a nonseasonal provisioned population
(not environmentally constrained). The authors concluded that females are synchronized
when seasonally constrained, confusing paternity and reducing infanticide, although they
desynchronize reproduction and show visible cues of receptivity enabling single males to
monopolize mating when there are no seasonal food limits.
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Reproduction in the provisioned colony of free-ranging rhesus macaques located on the
tropical island of Cayo Santiago, Puerto Rico, which is below the hypothesized latitudinal
threshold for seasonal changes, has been reported to be highly seasonal with estrous periods
limited from July to January [Conaway & Koford, 1964; Koford, 1965] and most births
occurring within a period of 3 months every year [Bercovitch & Goy, 1990; Bercovitch et
al., 1998; Rawlins & Kessler, 1986a; VVandenbergh, 1973]. The reproductive coordination of
this entire population of rhesus monkeys has been historically attributed to spring rains
[Hoffman et al., 2008; Koford, 1965; Rawlins & Kessler, 1985, 1986b; Vandenbergh,

1973]. However, the variation in the distribution of births reported since establishment of
this colony in 1938 suggests an ongoing shift in the onset of births advancing in time
through the four different calendar-based seasons [Carpenter, 1942; Hoffman et al., 2008;
Koford, 1965; Vandenbergh, 1973]. These temporal changes raise questions about the role of
environmental zeftgebers versus biological cues on the timing of reproduction in this primate
population.

This study challenges the previous reports on breeding seasonality in the Cayo Santiago
rhesus macaques by distinguishing synchrony from seasonality. The former is defined as

a greater than chance clustering of births within a birth season independent of the timing

of the birth cluster, and the latter as a synchronization of births during periods of the

year when ecological conditions are favorable (e.g., spring rainfall) [Clarke et al., 1992].
This study reexamines potential biotic and abiotic factors causing the observed annual
advance in the median birth date for the population from 1973 to 2013 including (i)
mortality of immature offspring; (ii) age at delivery; (iii) population density; and (iv) rainfall
patterns. As colony management practices have been reported to influence mother—infant
relationships [Berman,1989], the duration of trapping activities in days and the number of
removed individuals are also examined. The impact of the removal of sexually immature
individuals, which might affect female reproduction as an apparent death, is also examined.
Finally, the years required for the secular trend to advance the population’s median birth
date a full 12-month period from the median birth date in 1973 is modeled. The Cayo
Santiago rhesus macaque colony is ideal to examine the influence of these factors on

the reproductive phenology of mammals because other variables, which could potentially
influence reproduction, such as food availability and predation [Bronson, 1985; Ims, 1990b],
are controlled on this population.

METHODS

Study Population

Cayo Santiago, a 15.2-ha island located 1km off the southeastern coast of Puerto Rico
(18°09'N, 65° 44"W), has been inhabited by a population of free-ranging rhesus monkeys
(Macaca mulatta) since 1938. Its average daily temperature is 28°C and relative humidity
ranges from 60% to 75% [Rawlins & Kessler, 1985]. All monkeys are descendants of the
original 409 Indian founders and no additional animals have been added to the colony except
through births. Each animal has a unique tattoo for identification and censuses of the entire
population have been continuously conducted since 1956. Information on each individual
monkey includes its identity, date of birth, sex, maternity, and date of death or date of
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removal from the population. Only data since 1973 were used to avoid any potential error in
data collection [Sade et al., 1985].

During the study period, high protein commercial monkey diet has been provided at
approximately 0.23/kg/animal/day [Kessler & Rawlins, 2015; Sade et al., 1985]. Water

is collected in catchments on the island, stored in concrete or fiberglass cisterns, and
filtered and chlorinated prior to distribution at automatic watering stations. The population
is captured annually in order to identify (tattoo and ear notch) yearlings, bleed them for
maternity and paternity confirmation, cull the population for population control and to
supply monkeys to the breeding colonies of the Caribbean Primate Research Center (CPRC)
Sabana Seca Field Station (SSFS). Culling strategies have changed over time. From 1973
to 1983, the colony was not culled. From 1984 through 1995, entire social groups were
periodically removed for population control. Since 1996, selective culling by age has been
carried out, mostly targeting sexually immature individuals (0- to 2-years old) [Hernandez-
Pacheco et al., 2015].

Reproductive and Mortality Data Collection

Reproductive data on females were obtained from the Cayo Santiago demographic database
and included all individuals born during the 41 birth seasons from 1973 through 2013. For
all individuals born in each season, the date of birth, and the mother’s identity were used

to estimate the (i) total number of births; (ii) monthly distribution of births and degree of
reproductive synchrony; (iii) age at delivery; and (iv) interbirth interval (1BI) of females. The
IBIs were estimated for females giving birth in two consecutive seasons (females that failed
to give birth in a particular season were not included). The first and last births recorded

in each season were used to estimate the length of each birth season [Rawlins & Kessler,
1985]. The degree of reproductive synchrony was estimated using the percentage of births
occurring within a 3-month period [Kaumanns et al., 2013; Van Schaik et al., 1999]. Note
that given the temporal changes in the distribution of births the assigned year of a particular
birth season is not necessarily equal to the calendar year in which it took place (e.g., “birth
season 2010” took place between 2009 and 2010, see Results). The number of <1 year old
individuals that died each year was recorded to estimate annual infant mortality and test for
temporal variability in infant mortality. The same analysis was carried out for yearling (1

to <2 years old individuals) and juvenile (2 to <3 years old individuals) monkeys. The total
number of females alive at the end of every birth season was used to estimate population
density. Stillborn individuals were not included in any analysis.

Rainfall, Trapping, and Culling Data

Previous studies on the reproductive phenology of Cayo Santiago have correlated the onset
of mating with the onset of the spring rainy season [Hoffman et al., 2008; Koford, 1965;
Rawlins & Kessler, 1985]. To determine if rainfall modulated seasonal reproduction during
the 40-year study period, daily precipitation measurements from Juncos 1 SE weather
station (18.23°, 65.91°) from 1973 through 2012 were evaluated (Weather Source, LLC,
http://weathersource.com ). This weather station was selected based on its proximity to
Cayo Santiago (~18km) and data completeness for the study period. For each year, the total
rainfall (cm) was tabulated bi-weekly from daily records and the onset of spring rains was
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identified by the bi-weekly period showing a significant increase in mean daily rainfall of
more than two times the amount of the previous period [Rawlins & Kessler, 1985]. Once the
period was identified, the date of the start of the spring rains was estimated as the first day of
the period with recorded rainfall. Data from the Juncos 1 SE weather station corresponding
to years 1984 and 2011 was incomplete (Weather Source, LLC, http://weathersource.com)
and was not included in this analysis.

The total number of days required for trapping and the total number of monkeys captured
during each annual trapping period during years of available data (1993-2013) were
obtained from Cayo Santiago’s database.

Data Analysis

As the monthly births were not normally distributed in 93% of the seasons studied
(Shapiro-Wilk normality test <0.05), the reproductive data (e.g., birth distribution, I1BI)
were described using the median as the measure of location. For all analyses, calendar dates
were converted to Julian dates (e.g., January 1=day 0; December 31=day 364 or 365, if leap
year). Least-squares regression analyses were performed to test for a temporal advancement
(shift) in the annual onset of the birth season and the median birth date. Correlation analyses
between reproductive variables and the onset of spring rains, the annual trapping duration,
and the number of individuals trapped were performed. As the annual trapping occurred
during or immediately after the birth season, correlation analyses were made between
trapping data at a given year and reproductive data from the following year. Successful
mating was estimated by subtracting 165 days from the date of each birth (average gestation
length of rhesus macaques from the date of birth) [Rawlins & Kessler, 1985; Valerio et

al., 1969]. To estimate the effect of immature offspring loss on IBI, differences in mean

IBI of females experiencing either infant (0 to <1 years old), yearling (1 to <2 years old),

or juvenile (2 to <3 years old) loss versus females giving birth to surviving offspring (no
loss) were tested using nonparametric Mann-Whitney and Kruskal-Wallis tests. Immature
offspring loss was defined as the loss of a <3 years old offspring due to mortality or culling
between consecutive births.

To identify the set of variables that best explain the observed variation in the onset of
births and median birth date, model selection was performed using multimodel inference
or model averaging based on the second order Akaike’s Information Criterion (AIC,) as the
AIC, is recommended for sample sizes N < 40 [Burnham & Anderson, 2002] (Supporting
Information). Two measures associated with the AIC,; AAIC and Akaike weights (w),) are
also included. The AAIC is a measure of each model relative to the best model, so that it
represents the ratio of AAIC values for each model relative to the whole set of x candidate
models [Burnham & Anderson, 2002; Mazerolle, 2004]. The Akaike weight changes the
scale of the AAIC to compare them on a scale of 1 and it indicates the probability that

the model fits the data better among the whole set of candidate models [Burnham &
Anderson, 2002; Mazerolle 2004]. All analyses were carried out using R.3.0.1, package
pgirmess [Giraudoux, 2013, http://perso.orange.fr/giraudoux ; R Development Core Team,
http://www.R-project.org]. All research procedures were approved by the Caribbean Primate
Research Center and the Institutional Animal Care and Use Committee of the University
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of Puerto Rico, Medical Sciences Campus, in accordance with USDA regulations and NIH
guidelines. This research also adhered to the American Society of Primatologists Principles
for the Ethical Treatment of Nonhuman Primates.

Temporal Distribution of Births

A total of 7,893 births (males = 4,011, females =3,774, unknown sex=108) were recorded
from 1973 to 2013. High reproductive clustering was found in every season with more
than 72% of births taking place in a 3-month period (Supporting Information). The median
birth season length was 174.0 days (95% C1=129.0, 269.6days). A relatively isolated birth
was recorded in September, 1980 whereas the rest of the births during the corresponding
season took place three months later. Because no similar event was recorded in the 40-year
study period, this isolated birth was not considered when estimating the onset of the birth
season. The onset of births advanced every season, exhibiting an increase in the rate of the
advance through time (y = — 0.10x2 — 0.15x + 8.215, F = 187.2, df = 38, P < 0.01, R> = 0.91;
Fig. 1A). In the same way, the median date of birth advanced every season exhibiting

an increase in the rate of the advance through time (y = — 0.09x2 — 0.62x + 71.3, F = 445 .4,

df =38, P < 0.01, R* = 0.96; Fig. 1B).

Age at Delivery, Offspring Loss, and Population Density

Mean age of rhesus macaque females increased linearly over time (y = 0.02x — 38.1,

F =76.6, df = 39, P < 0.001; Sl Ill, Supporting Information). The mean age at delivery
increased over time (y = 0.007x — 132.6, F = 117, df = 39, P < 0.001;SI1V, Supporting
Information). A negative relationship between the median age at delivery and the median
date of birth was found (y = — 32.1x +257.7, F = 28.9, df = 39, P < 0.001; SIV, Supporting
Information).Mean infant mortality changed significantly through time with a higher

rate of increase during the last decade (y = 0.0002x2 — 0.008x + 0.192, F = 9.838, df = 37,

P < 0.001, R? = 0.35; Supporting Information). During the entire study period, the mean
annual infant mortality was 12.4 + 4.0% (mean x SD). Similarly, mean annual mortality

of yearlings changed through time (y = 0.00003x2 + 0.0007x + 0.028, F = 12.12, df = 37,

P < 0.0001, R = 0.40; Supporting Information).The mean annual mortality of yearlings was
5.7 +3.4% (mean + SD). No significant variability in mean annual juvenile mortality through
time was observed. The mean annual mortality of juveniles was 2.5 + 2.6% (mean = SD).

The IBI of individual females giving birth during consecutive seasons ranged from 150

to 530 days resulting in a median IBI of 366 days (95% C1=302.0, 432.0 days) for the
entire study period. IBIs longer than 365 days correspond to females giving birth during
the beginning and the end of consecutive seasons, respectively. The median IBI of females
losing immature offspring by death or culling (353 days, 95%CI1=332, 381 days) was
significantly shorter than that of females with no loss (371 days, 95%CI1=360, 384 days;
W =259.5, P < 0.001; Fig. 2). A multiple comparison test after a Kruskal-Wallis indicated
that females losing infants had a shorter IBI than females losing yearlings or juveniles,
but females losing yearlings or juveniles had a shorter IBI than females with no loss
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Rainfall

(Kruskal-Wallis 2 = 268.1, df = 3, P < 0.0001). Changes in colony management starting in
1996, coupled with changes in offspring mortality resulted in an increase in the proportion
of females losing immature offspring over time (Table I). The median IBI of individual
females decreased significantly following 1996 (W = 278.5, P < 0.05, N = 5,621, Fig. 3 for
annual median values). From 1973 to 1996, only 428 of 2556 females (16.7%; annual
proportion of 16.2%; 95%CI=0.11, 0.23) giving birth during consecutive seasons lost an
immature offspring, whereas from 1996 to 2013 the proportion of these females increased
to 48.2% (1,476 of 3,065 females; annual proportion of 50.3%; 95%CI=0.18, 0.62; Table
). Individual females losing infants had a median IBI of 350 days (95%CI=270, 437 days)
whereas females losing yearlings and juveniles had a median IBI of 361 (95%CI1=308,

451 days) and 361 days (95%CI1=294, 452 days), respectively. The annual median IBI
from 1973 to 1996 was 368 days (95%CI1=353, 383 days), whereas from 1996 to 2013 it
was 362 days (95%CI1=353, 371 days; Table I). A decreasing temporal trend in IBI was
observed only for females losing juveniles (y = 0.062x% — 4.01x +423.0, F = 15.7, df = 30,
P < 0.0001, R> = 0.51). The degree of synchronization of births increased linearly as female

density increased (y = 0.0002x + 0.76, F = 10.8, df = 38, P < 0.01, R?=022; Fig. 4). Females

experiencing the removal of more than one offspring during the same season did not present

a different 1Bl from females experiencing the removal of only one offspring (Mann-Whitney
W = 16651, P = 0.12).

To determine whether the rainfall data from the Juncos weather station was representative of
the rainfall data from Humacao, the same correlation analysis between the onset of spring
rains and the onset of mating from 1975 to 1983 used by Rawlins and Kessler [1985] was
employed. During this period, a significant decreasing trend in the onset of spring rains

was observed (y = —7.35x + 1,4681, F = 25.3, df = 7, P < 0.005, R?= 0.78). The variation
correlated positively with the estimated onset of mating, confirming the report by Rawlins
and Kessler [1985] (y = — 1.29x + 2,670, F = 19.3, df = 7, P < 0.005, R> = 0.73). When the
same analysis was carried out using the data set from (1985 to 2013), (y = — 1.29x + 2,670,
F =175, df =25, P = 0.20, R> = 0.03) and there was no significant correlation between the
variation in the onset of spring rains and onset of the mating season (y = 0.42x + 85.1,

F =350, df =25, P=0.07, R>= 0.09).

Annual Trapping

The temporal shift in the onset of births and median birth date did not correlate with

the duration of trapping activities (F = 1.00, df = 17, P = 0.33; F = 0.23,df = 17, P = 0.63,
respectively). The duration of trapping activities from 1993 to 2012 was 53.8 + 17.5 days
(mean £ SD). The temporal shift in the onset of births and median birth date also did not
correlate with the total number of monkeys trapped annually (F = 0.006, df = 17, P = 0.94,
F =0.12, df = 17, P = 0.73 respectively). The total annual number of monkeys trapped from
1993 to 2012 was 611 + 163.
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Model Selection and Predicted Advance in Reproduction

Multimodel inference selection was carried out separately for data from 1973 to 1996 and
from 1996 to 2013 because not all factors were available for both periods, such as trapping
and culling-related variables. Model selection indicated that variability in the age at delivery
and population density provided the best explanation for the observed onset and median
birth dates until 1996 (this interpretation was based on parsimony as two models resulted
with the same w,; Supporting Information). However, after 1996 population density, infant
mortality, and variability in the IBI of females losing infants provided the best explanation
for the observed onset and median birth dates (Supporting Information). The linear model
of the temporal variation in median birth date predicts that, under current conditions, the
distribution of births (and thus mating) would advance 12 months by 2050 (Fig. 5).

DISCUSSION

A secular trend in the annual onset of births and the median birth date of the Cayo Santiago
rhesus macaque population was observed during the 40-year study period. Progressively
earlier mating has shifted the onset of reproduction and subsequent birthing “backwards”
through three different calendar-based seasons; spring to winter to autumn. Rather than
climatic cues, the reproductive phenology of these macaques is better described by
biological factors. These factors include the age at delivery of females, the decrease in

the median IBI of the female population (<365 days) due to an increase overtime in the
proportion of females losing an immature offspring (either to natural death or culling)
between consecutive births, and an increase in birth synchronization due to an increase in
female density.

As early as 1957, an advance in the timing of breeding synchronization was reported in the
Cayo Santiago macaque population [Koford, 1965]. Variation in rainfall during the spring
affecting the availability of natural foods (e.g., bark, leaves, fruits) was described as the
principal cue for the timing of mating and consequent annual cluster of births [Koford, 1965,
1966; Rawlins & Kessler, 1985; Vandenbergh & Vessey, 1968]. However, these early studies
were carried out for a short time frame of 2-9 years when the median birth date advanced

at a slower rate and when breeding activity coincided with the calendar dates of the annual
rainy season (Fig. 2). In addition, data for one of the analyses covered the decade when no
culling of the population was done. Thus, a long-term secular trend across calendar-based
seasons was not evident until mating advanced beyond the temporal limits of the annual
rainy season. Model selection used in this study supports the conclusion that biological
factors had a greater impact on reproduction of these rhesus monkeys during the period from
1973 to 1996 than climatic ones. Although, Hoffman et al. [2008] described a long-term
positive relationship between the onset of spring rainy season and birth season from 1963 to
1996, this finding cannot be compared with this study, or previous ones, because different
criteria were used to estimate onset of the spring rainy season (first day since January 1st in
which precipitation was equal to or greater than 1in.).

The present study demonstrates that both the onset of births and the median birth date in the
Cayo Santiago population have occurred beyond the temporal limits of a particular climatic
season. The monkeys do forage on vegetation and they are exposed to environmental
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influences, but variability in the availability of provided food is absent and annual climatic
conditions, vary little in contrast to wild populations [Southwick et al., 1961; Vandenbergh
& Vessey, 1968]. Environmental influences at Cayo Santiago resemble those of other
macaque populations that inhabit rain forests where food and rainfall do not vary much
throughout the year and the annual reproductive cycle of the population is not confined to

a particular calendar-based season [Kaumanns et al., 2013]. This conclusion is supported by
the model’s prediction that, at the present rate of change and under the current conditions
and management, the median birth dates at Cayo Santiago will advance a full year by 2050.
Thus, the effects of environmental zeitgebers on reproduction at Cayo Santiago appear to
be overridden by biological factors affecting females, such as maternal physical condition,
previous reproductive outcome, and female density.

Since the colony’s founding in 1938, provisioning has significantly improved the physical
condition and reproductive potential of females. For instance, high nutritional status has
been correlated with early sexual maturation [Schwartz et al., 1988]. In fact, Cayo Santiago
macaques have lower IBIs on average compared to the reported 12—-24 month IBls of other
rhesus populations [Fooden, 2000].Although provisioning alone might be responsible for the
secular trend, it remained constant throughout the study period and the observed change

in the rate of the advance of mating and births over time suggests other factors must

be influencing female reproduction [Maestripieri & Georgiev, 2015; Rogovin & Moshkin,
2007]. For instance, the rate of advance in the median birth date in 1973 was 0.80 days/year
while that of 2013 was 8.00 days (Fig. 2).

Reproductive failure or infant mortality could also trigger an advance in the timing of
estrus of female macaques by shortening their I1BIs [Koford, 1965, 1966;Rawlins & Kessler,
1986b;Rawlins etal., 1984]. The biological mechanism behind this, lactational anovulation,
in which the resumption of mating is delayed by nursing/suckling, has been described

for several mammals [Lee, 1996; Williams, 1986], including Cayo Santiago macaques
[Johnson et al., 1993, 1998]. However, given that only 8-12% of all parous females were
nonlactating, and the fact that the year-to-year variation in the date of delivery among
individual females was high, early advances in the timing of breeding synchronization in
Cayo Santiago macaques were not thought to be driven principally by physiological factors
affecting estrous cycles [Koford, 1965, Rawlins & Kessler, 1985]. The present study shows
that not only females losing infants between consecutive births have lower IBIs, but also
females losing offspring up to 2 years of age (immature offspring) have IBIs lower than

the rest of the parous females (<365 days). This suggests extended maternal care, and thus
energy allocation to offspring protection, also plays a major role in the mother’s future
reproductive success [Clutton-Brock, 1991], a factor overlooked by focusing exclusively

on infant mortality. Furthermore, given the fact that hormones affect individual behavior,
including interactions between individuals, little attention has been given to the role of
stress hormones in the regulation of behavior and specifically reproduction at high densities
[Rogovin & Moshkin, 2007]. Thus, this study suggests that culling immature offspring
might lower stress levels among females by reducing intragroup density [Aureli & De Waal,
2000] enhanc-] enhancing their chance to mate during the following season. This would
create an overall population effect on interbirth intervals and, therefore, the onset of mating
and the median birth date. Given the variability in immature offspring mortality and culling
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practices after 1996, the annual proportion of females losing offspring increased (48% on
average, Table I). As a consequence, a larger number of females apparently came into
estrus earlier every year shifting the annual reproductive cycle of the entire population due
primarily to their high degree of synchronization.

Mean age of rhesus macaque females has increased linearly over time, showing that the
population has become “older.” In the same way, the mean age at delivery has increased
over time. Such linear trend relates significantly with the median date of birth. Longevity
analyses show that birth rates in rhesus macaques decline with age [Bercovitch & Berard,
1993; Gagliardi et al., 2007; Johnson & Kapsalis, 1995]. Therefore, a population exhibiting
a significant increase in mean age of females is expected to have a higher proportion of
females failing to conceive or losing pregnancies. In such scenario, the increasing loss

of offspring would promote shorter IBIs of females, a hypothesis supported by the data
presented.

This high degree of synchronization in females was positively associated with population
density. Although not tested in this study, population density might have affected social
group size, which in turn affects interindividual proximity [Berman et al., 1997], suggesting
high density stimulates female coordination. Social facilitation of mating in promiscuous
primates is thought be advantageous to avoid infanticide (which has never been reported

in Cayo Santiago) by confusing paternity [Nunn, 1999], with the underlying mechanism
being that mating synchrony lowers the probability of a male monopolizing a single female,
enabling them to mate with multiple males [Furtbauer et al., 2011]. For instance, during

the nonmating season, female rhesus in a social group exhibited copulatory behavior after
other female members were experimentally brought into estrus [Vandenbergh & Drickamer,
1974]. The fact that social groups on Cayo Santiago had different birth periods [Koford,
1965] in a particular birth season also suggests that synchronization among females is
socially coordinated. This implies that females mating earlier in a season would trigger

a significant advance in mating activities at the population level when density is high by
affecting the reproductive behavior of both females from their group and females from
adjacent groups. During the last three decades population density at Cayo Santiago has
increased significantly, resulting in more frequent culling, and thus, a higher proportion of
females losing offspring [Hernandez-Pacheco et al.,2015]. A higher proportion of females
exhibiting IBls <365 days coupled with a higher degree of synchronization over time, would
cause a further advance and accelerate the change in the rate of advance in reproduction at
the population level.

Heritability of reproductive traits might also influence the reproductive behavior of
individual females. However, estimates of heritability for IBls show a negligible genetic
component [Blomquist, 2009; Gagliardi et al., 2010]. This is supported by the high
variability in reproductive phenology presented by the different Cayo Santiago derived
populations. For instance, the population at La Parguera, Puerto Rico, had a 2-month delay
in mating activities compared to Cayo Santiago [Drickamer, 1974; Rawlins & Kessler, 1985;
Vandenbergh & Vessey, 1968]. Similarly, monkeys translocated to Desecheo Island, Puerto
Rico, in 1966 were observed to mate 1 to 2 months later than on Cayo Santiago [Morrison &
Menzel, 1972; Rawlins & Kessler, 1985]. In 1979, the rhesus colony from La Parguera was
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translocated to Morgan Island, SC and retained the same reproductive pattern until female
rhesus from other facilities were introduced to the colony, lengthening the mating season
[Taub & Mehlman, 1989]. After another social group from Cayo Santiago was sent to the
German Primate Center at Gottingen in 1984, the group lost its seasonality although housed
indoors but recovered it 10 years later when the monkeys were moved outdoors [Kaumanns
et al., 2013]. However, by the year 2000, births on Cayo Santiago peaked in December,

but in Germany they peaked later in April-May. Finally, high synchronization of births in a
social group of Cayo Santiago moved to the CPRC’s SSFS in 1984 and maintained in a large
corral complex was observed [Bercovitch et al., 1998], but not among rhesus harem breeding
groups at this facility that were disturbed. The variation in the timing of reproduction

for Cayo Santiago macaques and its derived populations points towards the effects of
reproductive outcome in the previous season (e.g., infant mortality) [Gordon, 1981] and
social disturbances and colony disruptions [Berman, 1989]. Colony management procedures,
culling, group translocation, introduction of individuals, and proximity of individuals (due
to housing facility type) seem to be more significant than climatic influences or heredity
factors.

Whether this secular trend in reproductive synchrony is also observed in the wild is
unknown as long-term studies on wild populations are lacking. For populations living in
areas with significant annual resource variability, seasonal climatic constraints probably do
interact with biological factors to modulate reproduction as suggested by previous studies.
The discoveries from this study of reproduction at Cayo Santiago show that the annual
reproductive cycle of this population is indeed highly synchronized, but is not confined to
any climatic season. It also suggests that the combined effects of (i) social mechanisms
which enhance individual fitness, together with;(ii)the absence of physiological limitations
of initial and extended maternal investment; and (iii) increasing population density are the
principal biological factors responsible for the identified secular trend in reproduction of the
Cayo Santiago macaques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Temporal advance in the onset of birth season (A) and median birth date (B) of Cayo
Santiago rhesus macaques from 1973 (season 1) to 2013 (season 41).
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Fig. 2.

Median interbirth interval of Cayo Santiago females giving birth in consecutive years during
two periods of different culling strategies; from 1973 to 1996 entire social groups were
culled, 1996-2013 culling was targeted to immature individuals mostly.
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Fig. 3.

Interbirth interval of Cayo Santiago females giving birth during consecutive seasons but
experiencing loss of an immature offspring (death or culling) versus females with no loss of
offspring.
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Fig. 5.
Predicted time of the population’s median birth date to advance a full 12-months period.
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